Recommendations for the repair, the lining or the strengthening of concrete slabs or pavements with bonded cement-based material overlays The objective is to lay out all the practical aspects to be considered in the design of concrete overlays: bonded concrete overlay process, assessment of the existing structure, surface preparation, overlay materials, design methods, construction procedure and quality control/assurance (QC/QA) system, and maintenance. 
Fig. 1 Bonded Concrete Overlay Process (PCC for Portland Cement Concrete and AC for Asphalt Concrete)
The design decisions include the overlay design life, the traffic intensity, the remaining life of the original slab and the condition of the original slab. The thickness of the overlay is a function of structural capacity of the original pavement and the capacity of the bonded overlay. The construction-related considerations are related to compatibility between overlay and original slab, repairs to the original slab that must be made, surface preparation and environmental conditions. Finally, a comprehensive QA/QC program is required to insure that the BCO meets the user requirements.
ASSESSMENT OF THE EXISTING STRUCTURE
Assessment of the existing structure has to be made in order to point out its defects and their causes but also to attest the ability of the concrete structure to perform its function. The objective(s) of the assessment are a good knowledge of concrete structure residual performances and the characterization of its constitutive materials. The general process of assessment must at least include:
• present condition of the existing concrete structure, including non-visible and potential defects,
• original design approach,
• environment, including exposure to contamination, • conditions during construction (including climatic conditions),
• history of the concrete structure,
• conditions of use (e.g. loading), and
• requirements for the future use of the concrete structure.
Assessment may be undertaken in several stages. Three levels are generally proposed for inspection (Table 1) : The purpose of a preliminary assessment stage is to advise on the immediate safety of the concrete structure, to give an informed opinion on the urgency of commissioning further surveys, protection or repairs, and to outline what testing should be done to establish the causes and likely extent of the defects. A typical visual investigation might involve the following activities:
• perform a walk-through visual inspection to become familiar with the structure;
gather background documents and information on the design, construction, maintenance, and operation of the structure; • plan the complete investigation;
• perform a detailed visual inspection, and • perform any necessary sampling or in-place tests.
Depending on the conclusions of the visual inspection, further operations will then be conducted in order to:
• identify cause(s) of defects,
• establish the extent of defects,
• establish whether defects can be expected to spread to parts that are at present unaffected, • assess the effect of defects on structural capacity and • identify all locations where protection or repair may be needed.
The causes and type of defect have to be considered during close-up inspection. They include material deteriorations as well as structural dysfunction. Causes may include but are not limited to what is described in Table 2 : The results of the completed assessment are only valid at the time that the repair works are designed and carried out. The nature and causes of defects, including potential combinations of causes, should be identified and recorded. This will allow defining a repair strategy and selecting optimal repair technique and products (Fig. 2) . 
Repair Fig. 2 Concrete repair process and repair strategy [2] . Minimum series of investigation should include:
• carbonation depth; • concrete cover (over steel reinforcement);
• steel corrosion level;
• concrete cohesion (superficial zone);
• compressive strength of concrete;
• chloride content, alkali content and sulphate content;
• remaining alkalinity (Ca(OH) 2 content);
• any other test suitable and useful for pathology interpretation. Table 3 gives a "memory-help chart", developed in order to avoid forgetting the main characteristics and properties of concrete to be involved in diagnosis. Required values of results are presented to provide an idea of what should be expected but actual requirements might differ, depending on local applicable codes and practices. It is important to combine different testing methods and investigation operations. A good diagnosis hardly requires overlapping information because of the variation of site material properties and compositions. A destructive method will clearly identify a physical or chemical property, specifically where specimen has been sampled, while a non destructive method will give a general overview on the whole structure, which can be calibrated by means of results of destructive analysis.
SURFACE PREPARATION

General considerations
Surface preparation is one of the key issues in obtaining high-quality bonded concrete overlays. The term surface preparation is not restricted to the processes conducted immediately prior to the overlay placement. Here, surface preparation includes all processes, measures, and circumstances influencing the interface or contact surface between the substrate and the concrete overlay. Extensive research has been devoted to factors affecting the bond between substrate and overlay. In order to conduct quantitative comparisons, bond strength tests are necessary. A large number of test methods have been developed. They cover pure tension, shear, and various combinations of tension, compression, and shear. The predominant test method is the pull-off test on cores. One problem is that the failure may be located in the substrate, the interface, or the overlay. Also combined failures are frequent. However, if the failure is not an interface failure, the measurement is only a lower bound of the bond strength. This condition makes statistical interpretation, evaluation, and quality assurance more difficult. However, we know from numerous laboratory and field tests as well as extensive practical use of bonded concrete overlays for pavements, bridge decks, and industrial floors, that if all measures during concrete removal, cleaning, concrete placement, and curing are meticulously conducted, the bond strength developed will be sufficiently high to accommodate the stresses that may develop due to differential shrinkage and normal traffic.
There are a large number of factors that may affect bond strength, some are more important than others (Fig. 3) . However, some of them are critical in the sense that one cannot compensate a poor execution in one aspect with an excellent execution in another one. The most important factors are the following five:
• absence of micro-cracking,
• absence of laitance layer, L a i t a n c e R o u g h n e s s C l e a n l i n e s s P r e w e t t i n g 
3.2
Integrity of the substrate Concrete overlays are frequently used in concrete repair. The repair process usually contains removal of deteriorated concrete. Many removal tools, e.g., milling, scarifying (SC), pneumatic hammers (J), and chipping, introduce micro-cracks into the substrate material. They may be efficient in removing poor concrete but what is needed is a sound and crack-free substrate to promote good bond (Fig. 4) . Water-jetting (hydrodemolition) is efficient without causing micro-cracking. Besides, it is the only removal method that works selectively, i.e., removes damaged and low-quality concrete while saving the sound and high-quality concrete. If water-jetting (WJ) cannot be used due to limitations in water handling or disproportional establishment costs, the micro-cracking may be eliminated or at least limited by a combination of mechanical removal and subsequent sandblasting. 3.3 Removal of the laitance layer In repairs of concrete slabs, any laitance layer is removed as a part of the deteriorated concrete. However, bonded concrete overlays may also be a part of a new concrete structure, e.g., on top of precast concrete elements. In this case, the removal of the laitance layer, i.e., the weak layer containing cement and fines and brought to the top by bleeding water, is important.
Cleaning of the substrate
The cleanliness of the substrate prior to overlay placement is the single most important factor for good bond. The substrate has to be free from loose particles, dust, oil, and pollutions at the moment of concrete casting. Water-jetting provides possibilities for a very clean substrate and removes dust and corrosion products from the reinforcing steel, but has to be directly followed by a meticulous removal of loose concrete particles in order to prevent exposed unhydrated cement surfaces to bond to the saturated substrate surface. It should not be forgotten to ensure that the substrate is clean at the moment of concrete placement, pollutions from the construction traffic or environment may have ruined the cleanliness.
3.5
Substrate surface moisture condition
For bonded overlays it is commonly specified that the substrate surface has to be prewetted but surface-dry prior to overlay application. However, little evidence is provided in the literature suggesting that this actually improves the quality of the bond. If prewetting is done then it needs to be ensured that the substrate surface has dried out completely before the overlay is applied as any water in the substrate surface pores will prevent mechanical interlock between substrate and overlay.
OVERLAY MATERIALS
Compatibility considerations
Traditionnally, the design approaches for overlays and repairs in general were essentially based on the following principle: repair like with like [8] . Based on this concept, the use of a repair material with similar constituents and proportions was assumed to free the designer from performance assessment tests and guarantees repair durability.
Though the "repair like with like" approach sounds logical, even if they are identical in composition, the repair material and the original concrete cannot exhibit the same behaviour over time. For instance, when a freshly cast overlay/repair material is exposed to ambient temperature and humidity, it undergoes self-desiccation strains, drying strains and thermal strains which cannot occur freely, inducing stresses and eventually cracking in the composite system.
As first advocated in a few groundbreaking publications [8] [9] [10] [11] , the overall issue of concrete repairs must rather be addressed in terms of compatibility. In particular, dimensional compatibility of the overlay/repair material with the existing concrete substrate determines the repair's ability to resist cracking, and depends on the degree of restraint, the magnitude of shrinkage, the modulus of elasticity and the creep/relaxation characteristics, which altogether determine the material stress state, and on the tensile strength of the material [8] . This complex interplay, or race, between the tensile stresses induced by the restrained strains, the stress relief due to the creep, and the gain in strength determines whether or not cracking will occur. Dimensional compatibility of cement-based materials can be increased by increasing the water/cement ratio and reducing the paste-aggregate ratios [12] [13] . An increase in water/cement ratio will reduce the tensile strength and hence the crack resistance of the overlay. However, in the same time it results in higher tensile relaxation and creep and a lower elastic modulus of the overlay, which reduce the tensile stresses due to restrained shrinkage. As such, the overall effect of an increasing water/cement ratio within common ranges has a positive effect on overlay cracking. Promising approaches for offsetting shrinkage impact or mitigating its intensity include the use of a shrinkage reducing admixture (SRA) or expansive cement (shrinkagecompensating concrete).
The other important compatibility issues to consider in selecting or designing a concrete overlay mixture are permeability, chemical and electrochemical compatibilities. The constituents of the material must be carefully chosen based on the condition and state of contamination of the substrate.
Use of a bonding agent
The use of bonding agents has been a relatively common practice intended to ensure adequate bond of overlays. Nevertheless, the body of data published over the years never led to convincing conclusions on their actual usefulness, most likely because of the compatibility problems incurred when introducing a third material in the repair composite systems. In addition, there is the possibility that the bonding agent could act as a bond breaker if allowed to dry before the placement of the concrete overlay [14] . The potential advantage of using a bonding agent does not lie in a significant increase of the average bond strength, but mostly in a more uniform and reliable bond over the surface. This is true only if the agent is placed adequately and in a timely manner, which often proves to be difficult in the field.
As a matter of fact, with the surface preparation techniques available today, the use of bonding agents is generally not required anymore to generate proper bond [14] . The importance of the quality of surface preparation operations was discussed previously. Also, the availability of vibrating placement equipment today contributes to the achievement of satisfactory bond on a more consistent basis, as vibration minimizes voids in the interface area and promotes penetration of the repair material into the substrate pores. If bonding agents are to be used, the variety of materials available for overlay applications include cement grout and mortar, latex and other polymer materials, latex-modified grout and mortar, and epoxy resins. An important aspect to consider when selecting a bonding agent is its compatibility with the materials to bond. Although no single material used as a bonding agent has proved to consistently yield durable bond, the most conclusive results are still associated with the use of cement grout. Ideally, the grout should be sprayed onto the substrate in order to maximize the uniformity of application. Spraying should be performed on an SSD surface, at a pace such that a distance of 2.5 to 3.0 m is kept in front of the overlay material placement. The fresh bonding agent layer should be broomed to prevent accumulations in low points of the surface. Drying of the slurry before it is overlaid must be prevented, as it will likely affect bond significantly. If its color becomes lighter, a slight amount should be added before overlaying. In areas where it has started hardening, it should be removed (through scabbling or sandblasting) and reapplied.
Typical recommendations / requirements for overlay materials
A variety of concrete mixtures can be used for slab and pavement overlay applications. Nevertheless, while polymer-modified concretes are often used for bridge deck overlays, slab and pavement overlay mixtures are most generally from either one of the following categories: plain cement concrete, fast-setting ("fast-track" concrete) or fiber-reinforced concrete. General indications on slab and pavement overlaying materials provided by the American Concrete Pavement Association (ACPA) [14] and the American Concrete Institute committee 325 [15] are summarized hereafter.
ACPA recommendations
In its guide on bonded overlays, the American Concrete Pavement Association [14] gives the designer much latitude in the concrete mixture selection, pointing out that in most situations plain concrete mixtures are adequate and, when necessary (quick reopening to traffic), fast-setting repair mixtures with high initial resistance can be used. Such "fasttrack" mixtures have been used successfully in a number of applications.
As in most applications, mixture designs and selection of constituents depend on both the characteristic and performance requirements. Examples of typical plain and fast-track mixtures in the guide are given in Table 5 . 
ACI C325 committee recommendations on pavement overlays
With respect to the choice of overlay materials, the ACI committee 325 guide on concrete pavement overlays discusses in general the characteristics to be considered among the main families of materials used: plain cement concrete, fast-track and fiber-reinforced concrete. These characteristics are presented in Table 6 .
First, the guide emphasizes that overlay concrete mixtures typically have constituents and proportions similar to those used for conventional concrete pavements. In view of minimizing shrinkage and shrinkage cracking, it is recommended to minimize the total amount of water and maximizing the volumetric proportion of aggregate in the mixtures, which is in line with the previous recommendations for dimensional compatibility.
In order to control cracking of the overlay and to increase its toughness, fiber reinforced concrete can be very effective. In some cases, the slab flexural strength may also be increased [15] . A wide variety of fiber materials can be used to reinforce concrete, such as steel, polypropylene, polyester, and polyolefin fibers. Essentially, in addition to the basic characteristics of slab and pavement concrete, overlay concrete mixtures for these elements must be designed in view of meeting the different compatibility requirements.
DESIGN OF OVERLAYS
The design of Bonded Concrete Overlays (BCO) is presented following two approaches: the overlay design for sufficient strength and the design to prevent debonding of the overlay.
Design for Sufficient Strength
The design for sufficient strength of a BCO determines the thickness of the overlay, assuming a perfect bond between the overlay and the substrate. Thus, the design procedures are similar to those of monolithic structures. Depending on the design method, the procedure may include the evaluation of the structure to be overlaid and of its contribution to the strength in the final overlaid structure. It is recommended to choose a method that utilizes an evaluation of the current conditions of the existing pavement, i.e. materials characterization, to assess the structural contribution of the existing pavement and to take it into consideration for the BCO thickness design. There is not an absolute solution to BCO thickness design. The extremes of the spectrum of design methodologies feature the mechanistic approach, on one side, and the empirical approach on the other. The development of research has enabled the advancement of mechanistic methods.
If the purpose of the BCO is to remedy structural deficiencies, the design is based on the following equation, by which the BCO is designed by determining the additional thickness of concrete needed to carry the anticipated traffic:
where D BCO is the overlay thickness, D f is the required thickness to carry the future traffic if the pavement were constructed new, and D is the effective existing pavement slab thickness. The design methods vary in the way in which the existing pavement contribution D f is determined and the way the original thickness is affected by the pavement condition. Common design methods, which all are based on this concept, are the AASHTO, the Corps of Engineers, and the Portland Cement Association procedures.
The recommended design procedure is to follow the AASHTO method, which is a combination of a mechanistic and an empirical procedure.
Design for Durable Bond
Maintaining a strong bond between the overlay and the substrate should be a foremost goal in the design of the BCO; if the BCO remains monolithic with the substrate, it will be able to carry the loads for which it is designed. The measurement of a certain value of bond strength is an indication that the overlay can attain and maintain its bond with the substrate. The recommended values for bond strength may vary regarding country and specific situation: USA The United States' recommendation is issued from the American Concrete Pavement Association: shear bond strength of 200 pound per square inch (psi) is sufficient to withstand shearing forces and ensure bond is maintained. This value is equivalent to shear strength equal to 1.4 MPa. Europe The EN 1504 European Standard specifies a requirement of 2.0 MPa for tensile bond strength for structural applications, and 1.5 MPa for non-structural applications. Japan Japanese guidelines recommend a minimum overlay thickness of 50 mm and tensile bond strength of 1.0 MPa between overlay and substrate. Sweden The Swedish National Road Administration established a requirement of 1.0 MPa for tensile bond strength.
Although achieving sufficiently high initial bond strength is desirable, it is important to stress that it is not a guarantee of bond durability. Strong early adhesion can decrease over time due to compatibility shortcomings, as discussed earlier.
BCO Reinforcement Design
The purpose of the steel reinforcement is to hold cracked concrete together and to maintain load transfer; it does not increase the pavement structural capacity. It is recommended that the BCO be reinforced in a similar fashion as the existing pavement, i.e., similar steel percentage, bar sizes and spacing, unless there is a significant deficiency in the original pavement reinforcement design.
CONSTRUCTION PROCEDURE AND QUALITY ASSURANCE
This chapter reviews observations of good practices and quality control/quality assurance in the implementation of projects involving cement-based bonded overlays.
Substrate Surface Preparation
One of the requirements of the composite overlay systems is the ability to perform as a whole, as an integrated monolithic system. This can be achieved only by providing an adequate bond between the existing concrete and overlay. The bond must be durable and long lasting. The durability in this context may be defined as lasting interfacial coexistence of two materials combined in a composite system. When overlay projects are not successful, the overlay material itself is often blamed for "not sticking", but the real source of trouble commonly lies with the surface preparation. The importance of surface preparation cannot be overstated. Proper attention to surface preparation is essential for a durable repair. Regardless of the cost, complexity and quality of the repair material and application method selected, the care with which deteriorated concrete is removed and concrete reinforcement surface are prepared will often determine whether a repair project will be successful.
The process of preparation for repair is the process by which sound, clean and suitably roughened surfaces are produced on concrete substrates. This process includes the removal of unsound and, if necessary, sound concrete and bond inhibiting foreign materials from the concrete and reinforcement surfaces, opening the concrete pore structure, as well as reinforcement damage verification and repair, if necessary.
Removal tasks have to be performed in a manner that ensures that the remaining concrete and reinforcing steel retains its structural integrity. Equipment used to perform the work must not overload the structure, and care must be taken to remove only so much concrete that the member being repaired or rehabilitated is not critically weakened. Any impact forces needs to remove damaged concrete and minimizes damage to the bond between the remaining concrete and steel. Methods to remove rust and chlorides from the steel should also minimize damage and loss to the remaining steel.
6.2
Pre-Overlay Repairs Surface preparation for overlays shall include the pre-overlay repair of defects such as deterioration, corrosion of reinforcement, honeycombed areas, delaminations, small and large holes, sharp protrusions, and cracks. Pre-overlay repair shall consist of all the repair procedures required to bring the substrate to a condition suitable for overlay.
6.3
Concrete Removal Operation The concrete removal process leaves the resulting surface with varying degrees of microcracks and fractures, commonly referred to as "bruising." Bruising creates a zone of weakness that will affect the bond of the repair material to the substrate. Removal subjects the concrete substrate to a wide range of dynamic loads and the resulting bruising will depend on the method used and the quality of the concrete. The depth of the bruised layer varies, but is typically on the order of 3 mm.
6.4
Reinforcement Corrosion Protection Prior to overlay application, the corrosion of reinforcement in substrates must be addressed. The overlay is not going to mitigate active corrosion process; on the contrary, it may accelerate it. When epoxy-coated steel reinforcement is exposed in the repair area, it should be recoated with an epoxy coating. Special care must be exercised in recoating operations to achieve defect-free full surface coverage. Uncoated spots may result in severe corrosion in repair areas. When uncoated reinforcing steel is exposed in the repair area, application of a protective coating should not be done, because it may cause corrosion in areas immediately adjacent to a repair.
Moisture Conditioning of the Substrate
The moisture condition of the substrate will determine the rate of movement of water from the repair mortar to substrate concrete due to the moisture imbalance between the two layers. Both the surface moisture condition and the moisture distribution inside the substrate are important. During the process of water movement, two things will occur: penetration of water from the repair mortar in the capillaries of substrate concrete, and hydration of cement paste in the repair. The optimum moisture condition will vary from substrate to substrate in otherwise equal conditions because the performance of the bond depends on the way the substrate will affect the direction and rate of water movement between phases of the composite repair system.
6.6
Materials Selection The concrete should be selected to provide suitable bond and good compatibility with the substrate, and to meet durability and strength requirements. Supplementary cementing materials, such as fly ash or granulated slag, may be used to reduce heat of hydration and to reduce costs. The water-cement ratio should be as small as possible. Aggregates should be selected for workability and should be durable. Using improved aggregate gradation can result in reduced paste requirements. Admixtures can include air entraining agents, moderate or high range water reducers; accelerators for cold weather; and retarders for hot weathers. Steel reinforcing and steel and synthetic fibers can be used for reinforcement. Steel reinforcement has been used in the form of tied bars and welded mats. Steel fibers have been used successfully to control cracks and to minimize drying shrinkage cracking. Synthetic fibers have been used to control shrinkage cracking.
6.7
Joints Jointed slabs and pavements require that the joints be reinstated in the original slab, and the joints should be maintained in the overlay. Sawing the joints followed by application of suitable high elongation joint filler may be the best solution. Joints in structural slabs and decks are usually expansion joints. The overlays must be constructed to maintain the expansion required and to insure a durable joint.
6.8
Application procedures Experience has repeatedly demonstrated that no step in overlay application can be omitted or carelessly performed without detriment to the durability. Inadequate workmanship, procedures, or materials result in inferior overlays, which will prematurely fail. Adequate placement capacity should be provided so that material can be kept workable and free of cold joints during the placement. The placement process and equipment should be arranged to deliver the material to its final position without segregation. The equipment should be adequately and properly arranged so that placing can proceed without undue delays and manpower should be sufficient to ensure the proper and timely placing, consolidating, finishing and curing of the repairs.
To obtain a durable overlay surface, proper procedures should be carefully followed. The compaction is important to obtain a dense and homogeneous overlay as well as a good and uniform bond. Especially, the compaction is important in overlays on rough surfaces to prevent the development of air pockets in the valleys of the surface texture. The use of vibration pokers and vibration platforms is recommended. Recent studies show that good result may be obtained with self-compacting concrete as well. Following consolidation, the operations of screeding, floating, and troweling should be performed in such a manner that the overlay material will be worked and manipulated as little as possible to produce the desired result. Over-manipulation of the concrete brings excessive fines and water to the surface, which lessens the quality of the finished surface, causing checking, crazing, and dusting.
6.9
Curing Good curing is vital to producing an overlay with satisfactory performance. Good curing not only increases durability and wear resistance, but reduces early drying, shrinkage and cracking. Curing must be started early. Proper curing is even more important for overlays than for ordinary concrete because of the potential for rapid early drying of the relatively thin repair since they have large surface areas in relation to their volumes and moisture can be lost quickly.
Quality Control
Quality control is the establishment of a proper level of quality required for a given project, and controlling of all operations to a degree that will assure that the required level will be attained. Quality control cannot be attained, however, without high quality project specifications, which constitute the first and very critical step in quality control. Therefore, the specifications must be a high quality engineering document, and the goal of the quality control/quality assurance is to assure that all requirements specified are fulfilled. At the present time, practical answers to the problems of bond may depend only on a short-term bond strength testing rather than long-term performance. An initially achieved adequate bond is only an indication of conformance with the specified parameters. There is no well-defined relationship between initial bond strength and the longevity of an overlay. Longevity is influenced by many factors, including substrate surface preparation and texture, dimensional stability of the overlay material, and substrate surface conditions. Although most of the specified requirements and engineers tend to focus on the achievement of the prescribed initial bond strength, it must be realized that although important, this parameter is not as important and critical as the bond durability -the lasting interfacial coexistence of two materials -as dictated mainly by the surface conditions of the overlayed structure and the dimensional compatibility between substrate and overlay.
MAINTENANCE AND REPAIR OF MATERIALS
Types and Causes of Distresses
